Introduction
Pathogen detection by a Toll-like receptor (TLR) initiates a pro-inflammatory process, in which the cytokine tumour necrosis factor-a (TNF-a) plays a key role. This process is followed by an anti-inflammatory response, in which the cytokine interleukin-10 (IL-10) is a key player.
Tight regulation of TNF-a production, together with timely up-regulation of IL-10 production, are essential for the prevention of excessive damage to the host. 1 Activation of the cyclic adenosine monophosphate (cAMP) pathway is employed by a multitude of ligands, such as b-adrenergic receptor (b-AR) agonists 2 and prostaglandin E 2 (PGE 2 ) 3 , to down-regulate production of
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TNF-a, 4, 5 as well as to up-regulate production of IL-10. 5 The canonical cAMP pathway propagates via protein kinase A (PKA) -mediated phosphorylation of cAMP response element binding protein (CREB), 6 a transcription factor that binds to the CRE sites, present at both TNF-a 7 and IL-10 8 promoters. A novel anti-inflammatory phospholipid-like drug was initially reported by Matsui et al. as a potent inhibitor of TNF-a secretion in lipopolysaccharide (LPS) -challenged rodents. 9, 10 In addition to TNF-a suppression, the compound, named by us phospho-ceramide analogue-1 (PCERA-1), up-regulates IL-10 production in LPSchallenged mice, and in LPS-stimulated primary macrophages 11 or RAW264.7 macrophages. 12 Although the target of PCERA-1 remains unidentified, experimental evidence indicates that it is a cell-surface protein, distinct from the known receptors for the endogenous phospholipid mediators sphingosine-1-phosphate (S1P), lysophosphatidic acid (LPA) and low-density lipoprotein-derived oxidized phospholipids. 11, 12 Importantly, PCERA-1 was found to up-regulate cAMP production in RAW264.7 macrophages. 12 Formation of cAMP is generally attributed to G protein signalling, 13 but may also result from a Ca 2+ influx which activates certain adenylyl cyclase (AC) isoforms, 14 from direct activation of AC by compounds like forskolin, 14 or from inhibition of the phosphodiesterase (PDE). 15 Therefore, the first goal of the research described here was to determine the mechanism of cAMP formation by PCERA-1. Our second objective was to delineate the signalling pathway from cAMP to transcriptional regulation of TNF-a and IL-10.
We show here that PCERA-1 activates AC in a guanosine triphosphate (GTP) -dependent manner, strongly suggesting that the PCERA-1 receptor is a G protein coupled receptor (GPCR). PCERA-1 induced PKA-mediated phosphorylation of CREB as well as transcriptional activation of a cAMP-dependent luciferase reporter activity. PKA activation was found to be required for transcriptional regulation of TNF-a and IL-10 by PCERA-1.
Materials and methods

Reagents and cell culture
The LPS (Escherichia coli serotype 055:B5), dibutyryl cAMP (db-cAMP), H89, rolipram, forskolin, propranolol, 8-(4-chloro-phenylthio)-2 0 -O-methyladenosine-3 0 ,5 0 -cyclic monophosphate (8CPT-2Me-cAMP), W7, ethyleneglycoltetraacetic acid (EGTA), BAPTA-AM, isobutylmethylxanthine (IBMX), dexamethasone, cAMP, adenosine triphosphate (ATP), GTP, creatine phosphate, creatine phosphate kinase, Alumina resin, phenylmethylsulphonyl fluoride and dimethylsulphoxide were all purchased from Sigma-Aldrich (St Louis, MO). Ro318220 was purchased from Calbiochem (Darmstadt, Germany). SB203580 was purchased from A.G. Scientific (San Diego, CA). Dowex AG50W-X4 resin was purchased from Bio-Rad Laboratories (Hercules, CA). [a-
32 P]ATP and the LANCE-cAMP kit were purchased from Perkin-Elmer (Waltham, MA). The PGE 2 was purchased from Biomol International (Plymouth Meeting, PA). Trypsin, L-glutamine, penicillin and streptomycin were purchased from Biological Industries (Beit Haemek, Israel). Dulbecco's modified Eagle's minimum essential medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Carlsbad, CA). Bovine serum albumin was purchased from Amresco (Solon, OH). The enzyme-linked immunosorbent assay (ELISA) reagent sets for TNF-a and IL-10 were purchased from R&D Systems (Minneapolis, MN). The cAMP enzyme immunoassay kit was purchased from Cayman Chemicals (Ann Arbor, MI). The antibody against a-tubulin was from Santa Cruz Biotechnology (Santa Cruz, CA). A CRE-containing EVX-1 promoter luciferase reporter gene construct (hereafter CRE-luciferase) 16 and the antibody against phospho Ser-133 CREB were a kind gift from Dr Marc Montminy (Salk Institute, La-Jolla, CA). Infrared dye-labelled secondary antibodies and blocking buffer were obtained from Li-Cor Biosciences (Lincoln, NE). Immobilon-FL polyvinylidene fluoride (PVDF) membranes were from Millipore (Billerica, MA). Complete protease inhibitors mixture and HD-fugene transfection reagent were purchased from Roche (Mannheim, Germany). Endofree Plasmid Maxi Kit was from Qiagen (Hilden, Germany). Dual-luciferase reporter assay kit was from Promega (Madison, WI). DH10B bacteria were from Invitrogen (Carlsbad, CA). The PCERA-1 was synthesized according to published procedures, 17, 18 dissolved in phosphate-buffered saline (PBS) and freshly diluted in culture media. Mouse RAW264.7 macrophage cells, obtained from the American Type Culture Collection (ATCC, Rockville, MD), were grown to 80-90% confluence in DMEM supplemented with 2 mM L-glutamine, 100 U/ml penicillin and 100 lg/ml streptomycin (hereafter culture medium) with 10% FBS. The cells were grown and maintained at 37°in a humidified incubator with 5% CO 2 .
Macrophages activation assay and cytokine measurement RAW264.7 macrophages were maintained for 48 hr before the experiment in 96-well plates, at 2 · 10 5 cells per well, in culture medium supplemented with 5% FBS. The culture medium was replaced 2 hr before treatment to avoid the artefact of medium replacement on signalling. 19 The cells were stimulated with LPS (100 ng/ml) and/or PCERA-1 (1 lM, unless indicated otherwise) at 37°for 2 hr. Secretion of TNF-a and IL-10 into the medium was measured with a commercially available ELISA reagents set, according to the manufacturer's instructions, using a microplate reader (Bio-Tek, Winooski, Vermont). The samples were stored at ) 80°until used.
Whole cell cAMP measurements
The RAW264.7 macrophages were maintained for 48 hr before the experiment in 24-well plates, at 5 · 10 5 cells per well, in culture medium supplemented with 5% FBS. The cells were pre-incubated with the PDE inhibitor IBMX (0Á5 mM) for 10 min at 37°, and then for an additional period of 10 min with either PCERA-1 at the indicated concentrations, or PGE 2 (100 ng/ml) and/or LPS (100 ng/ml). The intra-cellular cAMP level was measured with a commercially available enzyme immunoassay kit (Cayman Chemicals), according to the manufacturer's instructions.
Preparation of RAW264.7 membranes RAW264.7 macrophages were washed with cold PBS and centrifuged (200 g for 10 min at 4°). The supernatant was discarded and the pellet was re-suspended in an ice-cold medium containing Tris-HCl buffer pH 7Á4 (50 mM), ethylenediaminetetraacetic acid (EDTA; 1 mM), MgCl 2 (5 mM) and dithiothreitol (6 mM), homogenized in a glass homogenizer (20 strokes) and centrifuged (40 000 g for 20 min at 4°). The final pellet was re-suspended in the above buffer with the addition of 0Á3 M sucrose and stored at ) 80°.
Adenylyl cyclase (AC) assay in membranes
Production of cAMP in membranes was measured by the LANCE-cAMP kit, according to the manufacturer's (Perkin-Elmer) instructions. In short, RAW264.7 membranes (6 lg protein) were re-suspended in PBS and incubated for 30 min at 25°with creatine phosphate (5 mM), creatine phosphate kinase (7Á7 U), MgCl 2 (5 mM), IBMX (0Á5 mM), propranolol (1 lM) and ATP (0Á1 mM). GTP (0-10 lM), and PCERA-1 (1 lM) or forskolin (10 lM), were added as indicated (Fig. 1c) . The final volume was 12 ll in a 384-well plate. Termination and cAMP measurement were performed according to the manufacturer's instructions using the Synergy 2 time-resolved fluorescence plate reader (BioTek, Winooski, VT). In addition, we repeated the experiment using a different protocol with [a-
32 P]ATP as a trace substrate, as previously described. (a) Mouse macrophage RAW264.7 cells were incubated at 37°for 2 hr with LPS (100 ng/ml) and/or the indicated concentrations of PCERA-1. IL-10 release to the medium was measured by enzymelinked immunosorbent assay. Each data point represents mean ± SD (n = 6). Background IL-10 level was 25 ± 6 pg/ml. P < 0Á003 for cells treated with PCERA-1 and LPS, compared with LPS only. (b) The cells were pre-incubated with the phosphodiesterase (PDE) inhibitor isobutylmethylxanthine (IBMX; 0Á5 mm) for 10 min at 37°b efore the addition of either PCERA-1 at the indicated concentrations, prostaglandin E 2 (PGE 2 ; 0Á1 lm), or LPS (100 ng/ml) for an additional period of 10 min. Intra-cellular cAMP was then measured by enzyme immunoassay. Each data point represents mean ± SD (n = 6) following reduction of control value (64 pmol cAMP/mg protein). P < 0Á005 for cells treated with PCERA-1 or PGE 2 , compared with vehicle. (c) Membranes of RAW264.7 cells were prepared and adenylyl cyclase (AC) activation by PCERA-1 (1 lm) was assayed for 30 min at 25°in the presence of increasing concentrations of GTP, as indicated. A detailed protocol of the LANCE-cAMP method is described in the Materials and methods. As controls, AC activation by forskolin (10 lm) or vehicle was similarly measured in the presence or absence of GTP (10 lm). The b-AR antagonist, propranolol (1 lm), was added to all treatments including control to reduce the background of constitutive b-AR activity. Each data point represents mean ± SD (n = 5). *P < 0Á02, **P < 0Á003, ***P < 0Á0002.
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Radioactive cAMP was measured according to the method of Salomon et al. 21 The results (data not shown) were similar to those obtained using the LANCE-cAMP kit (Perkin-Elmer) (Fig. 1c) .
CREB phosphorylation assay RAW264.7 macrophages were maintained for 24 hr before the experiment in 12-well plates, at 5 · 10 5 cells per well, in culture medium supplemented with 0Á1% FBS. The cells were stimulated with PCERA-1 (1 lM) at 37°for 15 min, unless indicated otherwise. The cells were then washed twice with cold PBS and lysed for 1 hr at 4°with buffer containing Triton X-100 (1%), Tris-HCl buffer pH 8Á0 (50 mM), NaCl (100 mM), b-glycerophosphate (50 mM), sodium orthovanadate (1 mM), EDTA (1 mM), EGTA (1 mM), glycerol (30%), phenylmethylsulphonyl fluoride (1 mM) and a complete protease inhibitor mixture diluted according to the manufacturer's instructions. Cell extracts were centrifuged (14 000 g, 15 min at 4°) and the supernatants were stored at ) 80°.
Western blotting
Cell extracts (30 lg protein) were boiled for 5 min in sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer, subjected to 10% SDS-PAGE, and proteins were transferred to Immobilon-FL PVDF membrane. An antibody raised against phospho-Ser-133 CREB was used together with an antibody against a-tubulin, or separately from an antibody against CREB (total). Two-colour imaging and quantitative analysis of Western blots were performed using the Odyssey infrared imaging system (Li-Cor Biosciences), according to the manufacturer's instructions.
Protein determination
Protein was determined by a modification of the Bradford procedure, which yields linear results, increased sensitivity and reduced detergent interference, as we have previously described. 22 Bovine serum albumin served as standard.
Transfection and reporter gene assay
The CRE-luciferase plasmid was amplified using DH10B bacteria, and purified using an Endofree Plasmid Maxi Kit (Qiagen). The resulting plasmid preparation showed no ability to induce TNF-a production in RAW264.7 macrophages, indicating that it was indeed free of LPS contamination (< 0Á1 ng/ml). RAW264.7 macrophages were grown for 24 hr in six-well plates, at 8 · 10 5 cells per well, in culture medium supplemented with 10% FBS. The cells were then co-transfected with 1Á5 lg reporter plasmid and 0Á5 lg pRL-TK vector which contains the herpes simplex virus thymidine kinase (HSV-TK) promoter to provide low to moderate levels of renilla luciferase expression (for normalization). The two plasmids were pre-incubated with 6 ll HD-fugene transfection reagent in culture medium for 15 min at room temperature, before addition to the cells. Following a 24 hr transfection, the cells were washed and stimulated for 3 hr at 37°with db-cAMP (0Á1 mM) or with PCERA-1 (1 lM) and/or rolipram (0Á2-20 lM). Luciferase activity in cell extracts was determined following the manufacturer's (Promega) instructions. Data were expressed as a ratio of CRE-driven firefly luciferase activity divided by the renilla luciferase activity. Transfection with the empty reporter vector, performed as a control, yielded no detectable activity.
Statistical analysis
All the data were analysed using Student's t-test wherever applicable. In all cases, differences of P < 0Á05 were considered to be significant. The 50% effective concentration (EC 50 ) values were calculated by non-linear regression curve fitting, using the GRAPHPAD PRISM software (GraphPad Software Inc., La Jolla, CA). Error bars were calculated for six replicates (with the exception of Fig 1c where n = 5) within a single experiment. All experiments were repeated as least three times.
Results
Synergistic IL-10 production by LPS and PCERA-1 is associated with a PCERA-1-induced cAMP increase
We have previously demonstrated that PCERA-1 increased intracellular cAMP level 12 and synergized LPSinduced IL-10 production by macrophages. 23 We therefore decided to examine the correlation between these activities. PCERA-1 induced IL-10 production in LPSactivated RAW264.7 macrophages with an EC 50 value of 0Á15 ± 0Á05 lM (Fig. 1a) , consistent with a previous determination. 12 Treatment with PCERA-1 in the absence of LPS did not result in IL-10 production over the background level (Fig. 1a) . Yet, as shown in Fig. 1(b) , PCERA-1 elicited cAMP accumulation in resting macrophages (i.e. in the absence of LPS) with a dose response similar to that measured for the elevation of LPS-induced IL-10 production. The observed cAMP increase was comparable to that induced by PGE 2 (Fig. 1b) , consistent with the similar efficacy of PCERA-1 and PGE 2 in synergistic IL-10 production. LPS neither elicited cAMP production, nor significantly augmented PCERA-1-elicited cAMP production (Fig. 1b) . Taken together, our results point to a strong correlation between the LPS-independent ability of PCERA-1 to elevate intracellular cAMP and its ability to up-regulate IL-10 production in LPS-activated macrophages.
PCERA-1 stimulates GTP-dependent and Ca
2+ -independent AC activity in macrophages
The ability of PCERA-1 to increase cAMP level in the intact macrophages raised the question of an AC activation mechanism. As several AC isozymes can be stimulated by either GTP-binding proteins or by Ca 2+ , we decided to examine the possible role of Ca 2+ in PCERA-1 signalling. To this end we measured cAMP formation in PCERA-1-stimulated RAW264.7 macrophages pre-incubated for 30 min with various inhibitors of Ca 2+ signalling. We found that cAMP formation in response to PCERA-1 was not inhibited by any of the following Ca 2+ modulators: the extra-cellular chelator EGTA, the intra-cellular chelator BAPTA-AM, or the calmodulin antagonist W7 (data not shown). These results indicate that activation of AC by PCERA-1 is not mediated by Ca 2+ signalling. To further probe the mechanism of AC activation we used membrane preparations of RAW264.7 macrophages and compared cAMP formation by PCERA-1, in the presence and absence of GTP. The b-AR antagonist propranolol was added to the reaction mixture to reduce the high background resulting from constitutive b-AR activity. In the presence of 10 lM GTP, treatment of the macrophages membranes with PCERA-1 evoked a fold-increase of 2Á3 ± 0Á2 in AC activity, comparable to treatment with the direct AC activator forskolin (Fig. 1c) , or with PGE 2 (data not shown). The finding that cAMP is elevated by PCERA-1 also in membranes is therefore consistent with the lack of effect of Ca 2+ inhibitors on that activity in intact cells. Our results further show that reduction of GTP concentration gradually decreased PCERA-1-induced AC activity in the membranes. In the absence of GTP, specific (net) PCERA-1-induced AC activity was reduced by over 70%, whereas forskolin-activated AC was unaffected by GTP absence (Fig. 1c) . The residual activity of PCERA-1 in the apparent absence of GTP may be partially attributed to constitutive G-protein-independent AC activity, and also may be partially attributed to a GTP trace present in the ATP reagent used as an AC substrate. It should be noted that a similar residual activity in the apparent absence of GTP was observed also for the b-AR agonist isoproterenol (data not shown). These results indicate that PCERA-1 activates AC in a Ca 2+ -independent but GTP-dependent manner, suggesting the involvement of a G s protein-coupled receptor.
Modulation of cytokine production by PCERA-1 is PKA-dependent
To further correlate between cAMP increase and IL-10 induction by PCERA-1, we tested the ability of the cellpermeable db-cAMP to mimic the effects of PCERA-1 on cytokine modulation. Figure 2 shows that db-cAMP efficiently suppressed LPS-induced TNF-a production, and elevated LPS-induced IL-10 production. These effects were even more pronounced than those of PCERA-1, implying that the exogenous cAMP level exceeds agonistinduced endogenous cAMP formation, in agreement with our previous findings. 23 The cAMP pathway is involved in a wide variety of cellular processes that are routinely thought to be mediated by PKA. The discovery of Rap guanine nucleotide exchange proteins directly activated by cAMP (EPAC-1 and EPAC-2) raised the possibility that some cAMP effects, previously attributed to PKA, were in fact mediated by EPAC. 24, 25 To distinguish a putative role of EPAC in TNF-a and IL-10 modulation, we measured production of these cytokines by LPS-stimulated RAW264.7 cells treated with or without the EPAC-specific activator 8CPT-2Me-cAMP. 26 Our results show that the EPAC-specific activator, used at a concentration in which the general activator db-cAMP is maximally active, had no effect on the production of TNF-a or IL-10 in LPSstimulated macrophages (Fig 2) . These results suggest that PKA rather than EPAC modulates LPS-induced TNF-a and IL-10 expression in RAW264.7 macrophages.
To further study the involvement of the cAMP-PKA pathway in the activity of PCERA-1, we used the PKA inhibitor H89. We found that H89 reversed the inhibitory effect of PCERA-1 on LPS-induced TNF-a production, as well as the stimulatory synergistic effect of PCERA-1 Figure 2 . Modulation of lipopolysaccharide (LPS) -induced cytokine production by phospho-ceramide analogue-1 (PCERA-1) is mimicked by dibutyryl (db-) cAMP and not by an exchange protein directly activated by cAMP (EPAC) agonist. RAW264.7 macrophages were incubated at 37°for 2 hr with LPS (100 ng/ml) and with either a specific EPAC activator -8CPT-2Me-cAMP (0Á3 mm), db-cAMP (0Á3 mm) or PCERA-1 (1 lm). Tumour necrosis factor-a (TNF-a) and interleukin-10 (IL-10) release to the medium was measured by enzyme-linked immunosorbent assay. Each data point represents mean ± SD (n = 6). The cytokines were undetectable (< 20 pg/ml) in the absence of LPS. *P < 0Á0002, **P < 0Á004, ***P < 0Á05.
Ó 2009 Blackwell Publishing Ltd, Immunology on IL-10 induction in LPS-activated macrophages (Fig. 3) . As expected, H89 reversed also the cAMP-dependent activity of PGE 2 , whereas it failed to reverse the cAMP-independent inhibitory effect of dexamethasone on LPS-induced TNF-a production (Fig. 3) . These results imply that the effects of PCERA-1 on expression of both cytokines are mediated, at least in part, by cAMP-activated PKA. Interestingly, the PKA inhibitor significantly inhibited LPS-induced IL-10 production also in the absence of PCERA-1 (Fig. 3) , implying that basal cAMP is required for IL-10 induction by LPS alone.
PCERA-1 induces PKA-mediated CREB phosphorylation
Activation of PKA by PCERA-1 was further studied on the level of phosphorylation of the downstream transcription factor CREB. As shown in Fig. 4(a) , PCERA-1 rapidly induced phosphorylation of CREB at Ser-133, up to 3Á3-fold over basal, within 15 min. Previous reports have shown that CREB phosphorylation can also be mediated by p38-activated MSK1, 27, 28 and that H89 inhibits MSK1 in addition to PKA 27 . Therefore, we examined which of these pathways is involved in the PCERA-1 effect. Figure 4(b) shows that H89 decreased PCERA-1-induced CREB phosphorylation, whereas the specific p38 inhibitor SB203580 and the specific MSK1 inhibitor Ro318220 were ineffective with regards to PCERA-1 activity. These results indicate that phosphorylation of CREB on Ser-133 in response to PCERA-1 is carried out by PKA.
PCERA-1 stimulates CRE-regulated transcriptional activity
To asses the effect of CREB phosphorylation on its activity as a transcription factor, RAW264.7 macrophages were transiently transfected with a reporter gene construct which codes for luciferase under the regulation of CRE. (1 lm), prostaglandin E 2 (PGE 2 ; 0Á1 lm) or dexamethasone (1 lm), and further incubated for 2 hr. TNF-a and IL-10 release to the medium was measured by enzyme-linked immunosorbent assay. Each data point represents mean ± SD (n = 6). The cytokines were undetectable (< 20 pg/ml) in the absence of LPS. *P < 0Á0002.
Figure 5(a) shows that PCERA-1 and the cell-permeable db-cAMP elevated CRE-dependent luciferase activity, 2Á6-fold and 3Á5-fold, respectively. The concentration of exogenous db-cAMP in this experiment was sub-optimal to better correspond to the endogenous level physiologically reached by receptor-mediated adenylyl cyclase activation, as previously compared by a detailed dose-response of IL-10 activation. 23 Strikingly, the PDE-4 inhibitor, rolipram, amplified PCERA-1-induced luciferase expression up to 11-fold (Fig. 5b) . The synergistic luciferase activity by PCERA-1 and rolipram was 3Á4-fold higher than the sum of their separate effects (Fig. 5b) . These results support our findings regarding the involvement of the cAMP pathway in the cytokine modulating activity of PCERA-1, and suggest that PDE-4 activity critically regulates the transcriptional outcome in macrophages exposed to PCERA-1 or other cAMP-elevating agents.
Finally, the effect of relevant kinase inhibitors on expression of a CRE-luciferase reporter gene and of endogenous TNF-a and IL-10 was studied in the RAW264.7 macrophages. The PKA inhibitor H89 dose- TNF-a (ng/ml) Figure 6 . Phospho-ceramide analogue-1 (PCERA-1) regulates transcriptional activation in a protein kinase A (PKA) -dependent manner. RAW264.7 macrophages were pre-incubated for 30 min at 37°w ith H89 (PKA inhibitor, 1-30 lm), Ro318220 ('Ro', MSK1 inhibitor, 5 lm), SB203580 ('SB', p38 inhibitor, 30 lm) or vehicle, and then further incubated with PCERA-1 (1 lm) and/or lipopolysaccharide (LPS; 100 ng/ml) for 3 hr (a) or 2 hr (b, c). (a) Before the the above treatment, the cells were transiently transfected for 24 hr at 37°with a reporter gene construct which codes for firefly luciferase under the regulation of CRE, and with a renilla luciferase construct for normalization. Following treatment, luciferase activity assay was performed as described in the Materials and methods. Each data point represents mean ± SD (n = 6) of values normalized against renilla luciferase activity, and relative to unstimulated control cells. (b, c) TNF-a and IL-10 release to the medium were measured by enzyme-linked immunosorbent assay. Each data point represents the mean ± SD (n = 6). The cytokines were undetectable (< 20 pg/ml) in the absence of LPS. *P < 0Á02, **P < 0Á005, ***P < 0Á0007. dependently blocked the stimulatory effects of PCERA-1 on CRE-driven luciferase expression (Fig. 6a) , and on IL-10 expression (Fig. 6b) , as well as the inhibitory effect of PCERA-1 on TNF-a expression (Fig. 6c) . In contrast, the p38 inhibitor SB203580 and the specific MSK1 inhibitor Ro318220 had no effect on PCERA-1-dependent CRE-luciferase expression (Fig. 6a) , in agreement with their ineffectiveness on CREB phosphorylation (Fig. 4b) . These results therefore confirm that PCERA-1 induces CREB phosphorylation and transcriptional activation via PKA. Notably, both SB203580 and Ro318220 completely blocked TNF-a and IL-10 expression in macrophages exposed to LPS and PCERA-1 (Fig. 6b,c) , implying that the p38-MSK1 pathway is essential for TNF-a and IL-10 expression in a CREB-independent manner.
Discussion
The ceramide-1-phosphate analogue PCERA-1 exerts a potent anti-inflammatory activity in LPS-challenged mice, 11 in part by reciprocally modulating TNF-a and IL-10 production in stimulated macrophages, via an as yet unidentified cell surface receptor. 12 Previous studies indicated that this receptor is distinct from the known phospholipid-binding receptors for S1P, LPA and oxidized phospholipids. 11, 12 The potential therapeutic benefit of PCERA-1 in inflammatory diseases currently treated by TNF-a-neutralizing protein drugs, warrants a detailed study of the mechanism of activity of this putative drug. The results presented here indicate that PCERA-1 signalling involves the G s protein activating the cAMP pathway and leading to TNF-a suppression and IL-10 induction at the transcription level.
We have previously shown that PCERA-1 increases cAMP formation in macrophages, 12 so we decided to determine the mechanism of this activity. The intra-cellular cAMP level can be elevated either by AC activation resulting in induced formation of new cAMP, or by PDE inhibition resulting in preservation of basally formed cAMP. In our experimental settings, the general PDE inhibitor IBMX was used to increase the signal-to-noise ratio of cAMP measurements, implying that PCERA-1 enhances the enzymatic activity of AC, rather than acts as a PDE inhibitor. This conclusion is further supported by the synergistic effect of PCERA-1 and the PDE-4 inhibitor rolipram on CRE reporter activity (Fig. 5b) and on IL-10 production in LPS-stimulated RAW264.7 macrophages. 23 Transmembrane AC is conventionally activated by G scoupled receptors. 13 However, AC isoforms I, III and VIII can alternatively be activated by Ca 2+ -bound calmodulin.
14 Of relevance, AC isoforms III and VIII are expressed in the RAW264.7 cell line studied here. 29 Three experiments argue against the involvement of Ca 2+ signalling in AC stimulation by PCERA-1. First, PCERA-1-induced cAMP formation in intact cells was not affected by the chelation of extra-cellular Ca 2+ by EGTA or intra-cellular Ca 2+ by BAPTA-AM, or by the inhibition of calmodulin with W7. Second, cAMP formation in response to PCERA-1 treatment is demonstrated not only in intact cells where Ca 2+ may possibly act as a second messenger, but also in membrane preparations where Ca 2+ signalling is irrelevant. Finally, the GTP-dependence of PCERA-1-stimulated cAMP formation in membrane preparations provides conclusive evidence in favour of G protein mediation. It should be mentioned that AC can also be directly activated by agents such as forskolin. However, Fig. 1(c) shows that cAMP formation in response to forskolin does not depend on GTP being present in the reaction mixture, in contrast to AC activation by PCERA-1. Taken together, our findings indicate that PCERA-1 activates AC via a G protein, and so suggest that the PCERA-1 receptor is a GPCR. Importantly, this GPCR is distinct from the known GPCRs for the endogenous phospholipid mediators S1P and LPA, and for LDL-derived oxidized phospholipids. 11, 12 Furthermore, recently, Gó mez-Muñoz and co-workers have elegantly demonstrated that the endogenous sphingolipid ceramide-1-phosphate (C1P) binds and activates an unidentified G i -coupled receptor in RAW264.7 macrophages. 30 In spite of the structural similarity between PCERA-1 and C1P, our recent data indicate that the receptors for these two compounds are distinct. 31 The data presented here implicate a GPCR in PCERA-1 signalling, suggesting that this unidentified receptor directly binds to and is activated by extra-cellular PCERA-1. Nonetheless, GPCRs can also be transactivated by receptor tyrosine kinases, 32, 33 and so a mechanism whereby PCERA-1 indirectly activates a GPCR via a receptor tyrosine kinase would also be consistent with our data.
Multiple lines of experiments (such as pertussis toxin sensitivity or direct binding) suggest that while a GPCR mediates C1P-stimulated macrophage migration, there are also GPCR-independent C1P effects, such as calcium entry, [34] [35] [36] cPLA 2 activation, 37, 38 cell survival and proliferation. 31, 39, 40 It is therefore possible that GPCR-independent effects also exist for PCERA-1, in addition to the GPCR-mediated TNF-a and IL-10 modulation.
For many years PKA was considered to be the sole mediator of cAMP cellular effects. However, it has been found that some activities of cAMP are actually mediated by EPAC rather than by PKA. 24, 25 In LPS-stimulated microglial cells, the PKA inhibitor H89 completely prevented the stimulatory effect of db-cAMP on IL-10 production, but only modestly prevented its inhibitory effect on TNF-a production, suggesting the involvement of an alternative cAMP target. 41 The mechanism of TNF-a suppression by cAMP is cell type-dependent as PKA (but not EPAC) mediates that activity in alveolar and peritoneal macrophages 42 and in monocyte-derived macrophages, 43 while both PKA and EPAC are involved in that activity in dendritic cells. 42 Two lines of evidence argue in favour of PKA as the mediator of cytokine modulation by the cAMP inducer PCERA-1 in RAW264.7 macrophages. First, we show that PKA inhibition by H89 effectively blocks both TNF-a suppression and IL-10 induction by PCERA-1 in these cells. These H89 effects are specifically attributed to the inhibition of PKA, rather than to the inhibition of p38-activated MSK1, 27 ,28 because PCERA-1-induced CREB phosphorylation and CREdependent transcription were blocked only by H89 and not by the p38 inhibitor SB203580 or by the MSK1 inhibitor Ro318220 (Figs 4b and 6a) . Second, the general cAMP analogue, db-cAMP, mimicked the effects of PCERA-1, whereas a specific EPAC agonist was ineffective. As EPAC is upstream to the p38-MSK1 pathway, 25, 44 these results suggest that PKA, rather than EPAC and MSK1, mediates CREB phosphorylation and subsequent TNF-a suppression and IL-10 induction by PCERA-1 in RAW264.7 macrophages. This cell line expresses mainly EPAC-1 and also EPAC-2, 45 but as far as we know was not tested before for EPAC involvement in these processes. While PKA is clearly essential for cytokine modulation by PCERA-1, and activation of EPAC alone is totally ineffective, we cannot rule out the possibility that EPAC participates in TNF-a suppression or IL-10 induction in addition to PKA. As discussed below, we suggest that PKA mediates cytokine modulation via CREB. Magocsi et al. have suggested that PKA suppresses TNF-a production in peritoneal macrophages by inhibiting the extracellular signal-regulated kinase (ERK) pathway. 46 This mechanism, however, is unlikely to be relevant for PCERA-1 activity in RAW264.7 cells, as we have previously shown that PCERA-1 does not affect ERK phosphorylation. 12 Activation of the cAMP pathway leads to transcriptional activation of the IL-10 promoter, 23 suggesting that CREB is a positive regulator of IL-10 transcription. The role of CREB in transcription of TNF-a is less understood, as cAMP inducers negatively regulate TNF-a expression. Substitution or deletion mutations of the TNF-a CRE site result in the reduction of reporter activity in stimulated mouse RAW264.7 macrophages 47, 48 or human THP-1 monocytes, 49 apparently suggesting that CREB may function as a positive regulator of TNF-a transcription. However, other reports suggest that stimulation of mouse RAW264.7 macrophages [50] [51] [52] or human THP-1 monocytes 53 with LPS leads to the displacement of CREB by activated c-Jun at the TNF-a CRE site, whereas activation of the cAMP pathway in LPS-stimulated RAW264.7 macrophages was suggested to set back the transcription factor composition at the TNF-a CRE site to that observed in unstimulated cells, leading to suppression of TNF-a transcription. [50] [51] [52] Interestingly, deletion of the CRE results in an increase of basal TNF-a reporter activity, suggesting that CRE has a repressive role in unstimulated cells. 49 The evidence shown here for activation of CREB by PCERA-1, together with inhibition of TNF-a expression by PCERA-1, suggest that PCERA-1-activated CREB negatively regulates TNF-a production. Moreover, the finding that the PKA inhibitor H89 reversed TNF-a suppression exerted by PCERA-1, whereas p38 and MSK1 inhibitors blocked TNF-a expression (Fig. 6c) , further supports the conclusion regarding the inhibitory role of CREB in TNF-a expression. Our results are therefore consistent with the reports regarding competition between cAMP-activated CREB and LPS-activated c-Jun in binding of CRE at the TNF-a promoter. [50] [51] [52] [53] Interestingly, similar roles were suggested for CREB and c-Jun in LPS-induced COX-2 expression in RAW264.7 macrophages. 54, 55 To conclude, we have demonstrated here that PCERA-1 sequentially activates the signalling components of the cAMP pathway, as it elevates cAMP level, induces PKAmediated CREB phosphorylation and up-regulates CREdependent reporter transcription. Our results suggest that the unidentified PCERA-1 receptor is a novel GPCR that upon ligation activates the classical cAMP-PKA-CREB pathway, and diverts LPS-stimulated macrophages in an anti-inflammatory direction, by reciprocal regulation of TNF-a and IL-10 expression. Future identification of the PCERA-1 receptor has a potential value for the translational research in the area of inflammatory diseases.
